In higher eukaryotes, biological processes such as cellular growth and organogenesis are mediated by programs of differential gene expression. To understand the molecular regulation of these processes, the relevant subsets of differentially expressed genes of interest must be identified, cloned, and studied in detail. Subtractive cDNA hybridization has been a powerful approach to identify and isolate cDNAs of differentially expressed genes (1) (2) (3) . Numerous cDNA subtraction methods have been reported. In general, they involve hybridization of cDNA from one population (tester) to excess of mRNA (cDNA) from other population (driver) and then separation of the unhybridized fraction (target) from hybridized common sequences. The latter step is usually accomplished by hydroxylapatite chromatography (3), avidin-biotin binding (1, 4, 5) , or oligo(dT)3o-latex beads (2) . Despite the successful identification of numerous important genes such as the T-cell receptors (3) by these methods, they are usually inefficient for obtaining low abundance transcripts. These subtraction techniques often require greater then 20 t,g of poly(A)+ RNA, involve multiple or repeated subtraction steps, and are labor intensive.
Recently a new PCR-based technique, called representational difference analysis, has been described that does not require physical separation of single-stranded (ss) and double-stranded (ds) cDNAs. Representational difference analysis has been applied to enrich for genomic fragments that differ in size or representation (6) and to clone differentially expressed cDNAs (7) . However, representational difference analysis does not re-
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solve the problem of the wide differences in abundance of individual mRNA species. Consequently, multiple rounds of subtraction are still needed (7) . The mRNA differential display (8) and RNA fingerprinting by arbitrary primed PCR (9) are potentially faster methods for identifying differentially expressed genes. However, both of these methods have a high level of false positives (10, 11) , biased for high copy number mRNA (12) and might be inappropriate in experiments in which only a few genes are expected to vary (11) .
Here we present a new PCR-based cDNA subtraction method, termed suppression subtractive hybridization (SSH), and demonstrate its effectiveness. SSH is used to selectively amplify target cDNA fragments (differentially expressed) and simultaneously suppress nontarget DNA amplification. The method is based on the suppression PCR effect previously described by our laboratories: long inverted terminal repeats when attached to DNA fragments can selectively suppress amplification of undesirable sequences in PCR procedures (14, 15) . We have recently applied the suppression PCR effect in chromosome walking (14) and rapid amplification of cDNA ends (15) . The (1) heart, (2) brain, (3) placenta, (4) lung, (5) liver, (6) skeletal muscles, (7) kidney, (8) pancreas, (9) spleen, (10) thymus, (11) prostate, (12) testis, (13) ovary, (14) small intestine, (15) colon, and (16) peripheral blood leukocyte. Clones P-3, P-4, P-l, and P-7 are shown in A-D, respectively. The exposure times were 14 h (A), 5 h (B), 3 
days (C), and 14 days (D).
a pair of primers, P1 and P2, which correspond to the outer part of the adapter 1 and 2, respectively. To accomplish this selective amplification, an extension reaction is performed to fill in the sticky ends of the molecules for primer annealing before the initiation of the PCR procedure.
In all PCR cycles, exponential amplification can only occur with type (e) molecules. Type (b) molecules contain long inverted repeats on the ends and form stable "panhandle-like" structures after each denaturation-annealing PCR step. The resulting "panhandle-like" structure cannot serve as a template for exponential PCR, because intramolecular annealing of longer adapter sequences is both highly favored and more stable than intermolecular annealing of the much shorter PCR primers (14, 15) . This is the suppression PCR effect. Furthermore, type (a) and (d) molecules do not contain primer binding sites, and type (c) molecules can be amplified only at a linear rate. Only type (e) molecules have different adapter sequence at their ends which allows them to be exponentially amplified using PCR. The mathematical model and calculations describing the process of forming of fraction (e) as well as the rate of enrichment will be presented elsewhere (20) . tuted artificial tester. To create the tester samples, we added various amounts of bacteriophage 4X174 DNA as targets for subtraction in human skeletal muscle ds cDNAs. The same cDNAs without viral DNA were used as driver. The amount of #X174 DNA added was 0.1%, 0.01%, and 0.001% of the human cDNAs and corresponded to approximately 100, 10, and 1 copies of target restriction fragments per cell, respectively (21) . Both the tester and the driver were digested by HaeIII and used in SSH procedure. Fig. 2 shows the electrophoretic analysis of the final PCR products. Before subtraction, the bands corresponding to the 4X174 DNA were indiscernible (Fig. 2, lane 1 nique to generate a testis-specific cDNA library. cDNAs synthesized from human testis poly(A)+ RNAs were subtracted against a mixture of cDNAs derived from poly(A)+ RNAs of 10 different human tissues: heart, brain, placenta, lung, liver, skeletal muscle, kidney, spleen, thymus, and ovary. To examine the efficiency of subtraction, the mixtures of unsubtracted and subtracted testis-specific cDNAs were labeled and hybridized to Northern blots of multiple human tissues. The results are shown in Fig. 3 . The unsubtracted testis cDNA probe (Fig. 3A) hybridized strongly to all RNA samples on the blot and possibly to the common or homologous species of mRNAs among the human tissues. The subtracted, testisspecific cDNA probe hybridized strongly to the testis RNA and very weakly to all other RNAs. Under similar conditions, previous studies suggested that for an individual cDNA to produce any signal in the Northern blot, its concentration needs to be at or greater than 0.1-0.3% of the cDNA mixture (19) . Accordingly, our Northern blot analysis indicates that we achieved a high level of enrichment of testis-specific cDNA and, at the same time, a drastic reduction of highly abundant and/or common cDNAs.
The high efficiency of the testis-specific subtraction was subsequently confirmed after cloning and sequence analysis of selected testis-specific cDNAs. Ten randomly selected cDNA clones were used to probe human multiple tissue Northern blots. All 10 cDNA probes revealed unique mRNAs, which were expressed only in the testis. The autoradiograms of four of the resulting Northern blots are shown in Fig. 4 . The exposure time ranged from 2 h to 2 weeks, suggesting testisspecific cDNAs of different abundance were represented.
The cDNA inserts from these 10 original clones and 52 additional clones (total of 62) were partially sequenced and analyzed for homology in the GenBank and EMBL data bases. A summary of the sequencing data are shown in Table 1 . Four cDNA fragments were found to correspond exactly to known human testis-specific mRNAs. Four were found to have 75-85% homology with known mouse testis-specific mRNAs. These cDNAs probably represent the human homologues of the mouse genes. Two fragments had 96% homology with expressed sequence tags (ESTs) fragments for which information about tissue specificity was not available. We also found nine cDNA fragments that had at least 60% homology ( was identical to a mitochondria ribosomal RNA sequence that is expressed in all tissues. The remaining 32 clones demonstrated no significant matches with entries in the databases and potentially represent cDNAs from novel testis-specific genes. Of the 62 sequences, only 5 (19) , and eliminates the usual steps of preamplification (7, 22) and/or cloning (23) 
